In this study, alloyed and unalloyed ductile irons (DI) were coated with two different Ni-based superalloy materials by HVOF method. Microstructure and phase analyzes of the coatings were performed by using SEM, EDX, XRD methods. The electrochemical corrosion behavior of alloyed and unalloyed DI is investigated in 3.5% (w / v) NaCl solution. As a result of the characterization studies, it was observed that a dense non-porous coating layer of about 80 μm thickness was obtained on the cast iron samples and continuous adhesion was provided between the coating and the substrate. It has been determined that the cast iron coated with AMDRY 9624 contains γ matrix and β intermetallic phases and the coating produced with AMDRY 9951 commercial powder contains only γ phase. As a result of coating process, the corrosion rate of the alloyed and unalloyed spherical graphite cast irons is reduced. Also, the corrosion rate of the coating produced with AMDRY 9951 is higher than the coating produced with AMDRY 9624.
INTRODUCTION
The improvement of surface properties of commonly used cast iron in many industrial areas such as mining, agriculture, automotive and construction, will increase their strength in high temperatures and corrosive environments, they also open up their use in different areas [1, 2] . One of the most common techniques for improving surface properties is coating on the material. In addition to laser, plasma and electrochemical assisted coating techniques, thermal spraying techniques are also commonly used for coating cast iron materials [3] [4] [5] [6] [7] [8] . In particular, the surfaces of the rollers that are made of cast iron used in the mining and paper industries are coated with materials such as Tungsten-Carbide-Cobalt (WC-Co) which are resistant to wear by thermal spraying techniques [9, 10] . Within and where both oxidation and corrosion resistance are required [13] [14] [15] . These metallic based coatings can be successfully applied by plasma spraying, high velocity oxy-fuel (HVOF) methods. However, the coatings produced with high-velocity oxy-fuel contain denser, less porous and less metal-oxides than those produced by plasma spraying. This is because plasma spraying has a higher particle temperature and lower particle velocity than a HVOF technique. For this reason, HVOF is known as the most suitable thermal spraying technique for production of metallic coatings [16] [17] [18] .
In the HVOF technique, oxygen, air and fuel gas or liquid (propane, hydrogen, kerosene) are feed to the combustion chamber in the gun, where the mixing of the gases is ensured. Mixed and pressurized gases are ignited from a nozzle and a high-velocity flame jet is obtained. The coating powders are fed in the flame jet and the powders are warmed up, gain kinetic energy.
The semi-molten and accelerating powders are sprayed onto the substrate material and the coating deposit forms [19, 20] .
In this study, two different Ni-based MCrAlY powder is coated on alloyed and unalloyed cast iron by HVOF. Microstructure, phase analysis and electrochemical corrosion behavior in 3.5% (w / v) NaCl solution of the coatings are also investigated.
MATERIALS AND METHODS

Substrate and Coating
Alloyed and unalloyed cast iron was used as a substrate. Chemical composition of cast irons is shown in Table 1 . Figure 1 shows microstructure of alloyed and unalloyed cast iron substrate. For unalloyed ductile iron, spherical shape graphites distributed more frequent and small size, whereas for alloyed ductile iron, graphite granules showed rougher and rarely distribution.
Nickel-based AMDRY 9624 and AMDRY 9951 powders, which are commercially available from Metco were selected as coating materials. Table 2 shows chemical composition of powders which are presented in catalog. As it can be seen in Table 2 , AMDRY 9951 contains cobalt, but AMDRY 9624 does not. This difference strongly affects chemical and physical properties of coatings related to phase structure and chemical composition. To observe the microstructure of the coatings, coated samples were cut from the center using precision cutting. After that, the samples were polished with 240, 320, 600, 1000, 1200 grit abrasive paper and 1 m alumina polishing suspensions, respectively. The microstructure of the coatings were examined by field emission electron microscopy (SEM) which is equipped with energy dispersive x ray (EDX) spectroscopy. X-ray diffraction (Shimadzu XRD-6000, CuK radiation) was used to determine the phase structure of the coatings. The thickness of the coatings was measured by means of an apparatus connected to an optical microscope.
Electrochemical Corrosion Tests
Electrochemical corrosion tests were performed using Gamry reference 600 potentiostat / galvanostat ZRA. Electrochemical calculations were performed with the Echem analyst soft software program. Prior to the electrochemical corrosion tests, the specimens which were ultrasonically cleaned at 35 ° C for 15 min intervals with aceton, ethanol and double distilled water were dried at 40 °C in an oven. Corrosion rate, polarization resistance (Rp) and corrosion current (Icorr) values were determined from the current-potential curves. Then the corrosion current density (icorr.) was found by dividing by the surface area of the corrosion current. % inhibition value is calculated from the following formula. Where ic and i0 represent the corrosion rates of the coated and uncoated layers, respectively. The β phase is intermetallic compounds made by Ni and Co elements alone or together with Al and is a body centered cubic (BCC) structure. The γ phase is a solid solution of Co, Ni, Cr, etc. and is a face centered cubic (FCC) structure [17, 18] .
Figures 2c and 3c show XRD pattern of coatings produced by AMDRY 9951 powder. It was determined that the coating contains a single phase and this phase is named as γ solid solution. The XRD peak of the β intermetallic compounds was not found for the AMDRY 9951 coating. It is indicated that solidification behavior and powder particle-flame jet interaction is different for two types of feedstock [21, 22] . Figure 4 shows cross-sectional SEM image of coatings on unalloyed cast iron substrate. Spherical shaped graphite distributed randomly in cast iron substrate is clearly seen in cast iron base material. For both coatings, the coating thickness is measured as approximately 80 μm. There is no problem in the adhesion of the coating layer to the substrate. As a result of the coating process, a dense and continuous coating layer was obtained. However, the presence of very few porous zones in the coating microstructure is remarkable [23] . Figure 5 shows a cross-sectional SEM image of the coatings on alloyed cast iron substrate fabricated by HVOF using AMDRY 9624 and 9951 feedstock. A continuous, dense and very low-porosity coating layer was obtained for both coatings [24] . However, cracks were formed in the coating-substrate interface region. These cracks are thought to be due to the process of metallographic sample preparation, as well as the expansion and contraction caused by the heating and cooling of the cast iron substrate during the HVOF process [25] . 
Electrochemical Corrosion Behaviors of Coating
Corrosion characteristics from extrapolation Tafel curves are given Table 4 . Tafel plots are given at Figure  6 , for the coated and uncoated ductile irons in 3.5% (w/V) NaCl after an hour waiting period. Table 4 is examined, the corrosion current density (iCorr) values of the coated samples are reduced after an hour in 3.5 % (w / v) NaCl medium. The values of the polarization current density are 5,490 μA / cm 2 for uncoated non-alloyed SGCI, while the polarization current density values for coated samples vary between 1,960-3,710 μA / cm 2 depending on the nature of the coating. For alloyed SGCI, corrosion rate is 8,960 μA / cm 2 whereas for coated samples the polarization current density value varies between 1,960-3,230 μA/ cm 2 depending on the characteristics of the coating. The corrosion resistance of the coated specimens increased with the coating layer formed [26] . It is also observed that Rp (polarization resistance) and corrosion rate values (mpy) are in agreement with the iCorr values. As icorr value increases, Rp value and % inhibition value decrease. The corrosion rate of unalloyed ductile iron is higher than the corrosion rate of uncoated alloys. Because on the surface has spherical graphite and Fe3C on the ferritic matrix. Since the surface is uncoated, the Cl -ions diffuse through the surface of unalloyed ductile iron and form complexes (such as FeCl3, FeCl -, etc.) that dissolve with the Fe 2+ ion, increasing the surface corrosion.The Ecorr value shifs to be at more negative potentials. This indicates that the cathodic reaction is effective on corrosion and that the oxygen present in the solution is cathodically reduced. As long as the cathodic reaction continues, the material will corrode because the need for electrons will lead to the oxidation reaction of iron in the unalloyed ductile iron. The cathodic reaction takes place by reducing the metals to hydroxyl ions of oxygen molecules dissolved in poor, neutral and basic environments in terms of hydrogen ions [27] .
This phenomenon, which is defined as the oxygen reaction,
In order for this reaction to occur, dissolved oxygen must reach the metal surface by diffusion of the molecules. The damage of steel parts and structures in seawater is the most common example of the corrosion caused by the oxygen reaction. A neutral 3.5 % NaCl (artificial sea water) solution is in constant contact with the air at the same time. The anodic reaction can be given as:
Total reaction :
Over time Iron (II) hydroxide forms and is converted into the iron (III) hydroxide, which we know to be the rust i.e. the reaction is: These oxide and hydroxides formed on the surface act as a barrier film, preventing Cl ion diffusion [28] [29] [30] . The resulting passive layer reduces the dissolution of the metal and protects the metal [31] . The iron is given three different oxide layers depending on the partial pressure of O2 in air. For this reason, the oxidation of iron is a bit complicated. The oxygen rich layer is found in the outer oxide layer. The most important elements that improve iron oxidation resistance are Cr and Al. The oxidation resistance of Cr-Fe alloys is good.
Corrosion rate of unalloyed AMDRY 9951 coded coated sample is higher than the corrosion rate of nonalloyed AMDRY 9624 coded coating. The amount of nickel and Y2O3 in the structure of AMDRY 9951 coded coating is less. Although cobalt is in equilibrium, it has not been effective in preventing corrosion. Cobalt does not have reactivity to react with air. But when it is heated it forms an oxide of Co3O4. If the reaction takes place at 900 ° C, cobalt (II) oxide (CoO) is formed. It does not react directly with nitrogen in the air.
The cobalt metal is not a very reactive element against water. But at the red temperature (900 o C), cobalt (II) oxide (CoO) is formed the reaction between cobalt metal and water vapor.
Owing to these properties of cobalt, no oxide has formed on the surface. It has undergone corrosion like unalloyed ductile iron. The AMDRY 9951 coating formed on the surface prevented corrosion to some extent. The oxides formed by nickel in the find AMDRY 9951 composition also partially reduced corrosion. The low content of Y2O3 in the AMDRY 9951 coded coating also increased the corrosion.
When Figures 7 and 8 are examined, the chloride ions on the surface of the alloyed ductile iron are 6 times more than the chloride on the surface of the unalloyed ductile iron. As the chloride ions are very aggressive and the creating iron-soluble salt complexes, the corrosion rate of the alloyed ductile iron is higher. Oxygen and iron on the surface may react with each other form oxides and hydroxides. When EDX% atomic ratios (Fe and O) values are compared, Fe(OH)3 may be considered to be formed on the alloyed surface. The increase in nickel, cobalt, aluminum and chromium levels on the surface of AMDRY 9951 coded coating has been effective in reducing the corrosion and the decrease of chlorine on the surface has been effective in reducing the corrosion. 
RESULTS
The following conclusions can be drawn from this study:
Alloyed and unalloyed spherical graphite cast iron were successfully coated with the two different Nibased MCrAlY feedstock by the HVOF method. A dense, porosity-free coating layer of about 80 μm thickness was obtained on cast iron substrate and continuous adhesion between the coating and the substrate was achieved. γ and β phase and only γ phase were obtained by XRD analysis for AMDRY 9624 and AMDRY 9951 feedstock respectively.
In the electrochemical corrosion tests, the corrosion current density is 5,490-8,960 μA / cm 2 in the uncoated alloyed and unalloyed spherical cast iron substrate respectively, whereas in the coated samples the polarization current density value varies from 1,960-3,710 μA / cm 2 depending on the characteristics of the coating. The corrosion resistance of the spherical cast iron substrate samples increased with the coating layer formation. With these two different coatings, the inhibition values of spherical cast iron samples were up to 78%. The amount of nickel in the coating material has been a factor in the reduction of corrosion. 
